The degradation of chitosan in the presence of poly(vinyl alcohol) (PVA) or poly(acrylic acid) (PAA) by a crude enzyme complex from Trichoderma viride was studied. It was found that neither PVA nor PAA suppress chitosan hydrolysis. By varying the experimental conditions, the optimal conditions for chitosan degradation in the presence of PVA (37°C, pH 6) or PAA (37°C, pH 4) were found. The biocontrol agent T. viride was embedded in films of chitosan, PVA, chitosan/PVA and chitosan/PAA. Microbiological tests showed that T. viride retained its ability to develop and reproduce in all studied film types. The obtained results imply that the prepared systems are appropriate carriers of biocontrol agents and might be used as novel agropharmaceuticals.
Introduction
The intensive use of conventional synthetic pesticides leads to a number of hazardous effects on the environment. Increasing attention is paid to the use of biological agents for control of plant diseases. Soil fungi from Trichoderma spp. are antagonists of a wide range of phytopathogens and are amongst the most widely used biocontrol agents [1] . The necessity of soil sterilization, the inconveniences of using it in powder form, the instability of liquid formulations are obstacles for the large-scale application of this biocontrol agent.
Recently we have put forward a novel approach in creating environmentally relevant agropharmaceuticals [2] . It consists in the use of such polymer carriers that could participate actively in the operation of the phytosanitary system. The carrier provides favourable conditions for the development of the embedded microorganisms by combining several functions: protection, retaining humidity, and serving itself as nutrient medium for the microorganism. The natural polyaminosaccharide chitosan is particularly appropriate as a carrier since it may serve for all these purposes. In addition, it is biodegradable and, moreover, the products of its degradation enhance the induction of self-defence functions in plants [3] . It was shown that chitosan retained its ability to degrade enzymatically in the presence of poly(oxyethylene) (POE) and poly(2-acryloylamido-2-methylpropanesulfonic acid) (PAMPS). Chitosan alone, or in conjunction with POE or PAMPS, provided an appropriate medium for growth and reproduction of T. viride. A laboratory technique for embedding T. viride 1 in films and beads from chitosan or its complexes with POE or PAMPS was developed [4] .
This paper reports on the enzymatic degradation of chitosan in the presence of poly-(vinyl alcohol) (PVA) or poly(acrylic acid) (PAA) by a crude enzyme complex from T. viride. The ability of the fungus to develop and reproduce when embedded in films of chitosan, PVA, chitosan/PVA or chitosan/PAA is shown.
Results and discussion
The enzymatic degradation of chitosan by a crude enzyme complex from T. viride led to a fast and significant decrease of dynamic viscosity of chitosan solutions. The relative decrease η t /η 0 of polymer solutions as a function of time was followed (η t is the viscosity measured after enzyme reaction time t and η 0 the viscosity in the presence of heat-denatured enzyme). The observed decrease in dynamic viscosity showed that endo-enzymes are included in the enzyme mixture, i.e., enzymes that statistically hydrolyse the macromolecules to lower-molecular-weight products. The viscosity-average molecular weight (M v ) of chitosan hydrolysates decreased significantly and depended on the experimental conditions.
Enzymatic degradation of chitosan in the presence of PVA
Having in mind the possible application of the proposed system in agriculture, it was of interest to combine chitosan with readily available synthetic polymers. It was to expect that combining chitosan with a suitable water-soluble partner would affect the system properties. PVA was chosen as a partner since it is a nontoxic water-soluble polymer and is biodegradable in the soil [5] . Blended chitosan/PVA aqueous solutions are homogenous and no phase separation occurs [6] . Specific interactions due to hydrogen bonding between polyaminosaccharide and PVA macromolecules exist in chitosan/PVA solutions [7] , similarly to chitosan/POE solutions [8, 9] .
The change in dynamic viscosity of the solutions was monitored at pH values up to 6. Chitosan precipitates at pH > 6 so that the enzyme reaction was not examined at higher pH values. The lack of change in dynamic viscosity of blank PVA solutions (without chitosan) was evidence that for the studied degradation periods, PVA did not degrade by the crude enzyme complex produced from T. viride. Therefore, the dynamic viscosity decrease observed in blended chitosan/PVA solutions was due to the cleavage of chitosan polymer chain. The effect of pH of the medium on the hydrolytic process is shown in Fig. 1 . At pH 1 and 4 chitosan alone degraded more easily than in the case of chitosan/PVA solution. At pH 6 the decrease in η t /η 0 of chitosan/PVA solution was higher in comparison with the decrease for chitosan solution at the same pH value.
Since the sensitivity of the rheological measurements diminished in the later hydrolysis stages, in order to estimate further changes that occurred in the system for periods of time longer than 90 min, the viscosity-average molecular weights of chitosan hydrolysates were determined. Comparative experiments between degradation of chitosan in the presence of PVA and in the presence of POE showed that in both cases there was no significant 3 difference in the molecular weights of the hydrolysates under the same experimental conditions (pH 4, 37°C and 90 min). This is probably due to the similarity of chitosan interaction with POE and PVA by hydrogen bonds.
It was found that the crude enzyme complex kept its activity in a wide temperature range from 15 to 60°C. Increasing the temperature led to a faster degradation of chitosan in both solutions -pure and blended with PVA -as shown in Fig. 3 . The optimum temperatures for chitosan and chitosan/PVA degradation were in the range 37 -60°C. This is confirmed by the determined values of the average molecular weights of the obtained chitosan hydrolysates (Fig. 4) . Degradation proceeded most effectively and led to the lowest molecular weights at 37°C. It was of interest to investigate the ability of chitosan to degrade when involved in a complex with PAA. Poly(acrylic acid) is a water-soluble polymer of low toxicity, which forms polyelectrolyte complexes with chitosan in the pH range from 3 to 6 [10, 11] . Control runs showed that the enzyme mixture produced from T. viride did not degrade PAA for the studied time period. In this case, the system was heterogeneous due to the insolubility of the complex chitosan/PAA in water. This impeded performing rheological measurements with the Brookfield viscometer and degradation was estimated from the changes in the viscosity-average molecular weight (cf. Exptl. part).
The molecular weights of chitosan hydrolysates obtained after degradation of the complex chitosan/PAA for 90 min and 240 min at different pH values of the medium are presented in Fig. 5 . It can be seen that the lowest values of M v were determined for hydrolysates obtained after degradation of the polyelectrolyte complex at pH 4 for both studied time periods, i.e., this was the optimum pH for the action of enzyme complex in the presence of PAA. Previously we have shown that M v of chitosan hydrolysates obtained from the chitosan/PAMPS complex under the same conditions are much higher (M v = 208 000) [2] than for the chitosan/PAA complex. Probably the stronger interaction between chitosan and polysulfonic acid (PAMPS) than between chitosan and polycarboxylic acid (PAA) leads to a higher hampering of the enzyme attack upon the chitosan macromolecule. Therefore, chitosan hydrolysis was significantly slower in the presence of PAMPS than in the presence of PAA.
The results of the enzymatic degradation of chitosan alone or in the presence of PVA or PAA at pH 4 for 90 and 240 min are compared in Fig. 6 . For 90 min of hydrolysis the fastest degradation was observed for the polyelectrolyte complex chitosan/PAA and the molecular weight of the obtained hydrolysate (90 000) was the lowest. This was to be expected since the chosen pH value was the optimum pH for degradation of chitosan in the presence of PAA. After 240 min, the determined M v of chitosan hydrolysates were close and lower than those measured after 90 min of degradation. Therefore, both PAA and PVA affected the process rate at the early stages of hydrolysis.
Microbiological tests on films with embedded T. viride
Microbiological tests on the development of T. viride were performed. The results are illustrated in Fig. 7 . T. viride embedded in films of chitosan, PVA, chitosan/PVA or chitosan/PAA retained its ability to grow and reproduce in all film types studied. To check the viability of the embedded fungus on storing in dry state, disks were inoculated after 6 months of storage at ambient temperature. It was found that the fungus kept its ability to develop normally -hyphae and conidia were formed (Fig. 7b) .
The fastest proliferation of the fungus was observed in chitosan/PVA films and the slowest in chitosan films. Probably, PVA facilitates the growth of fungi because of its water-solubility thus favouring the penetration of water inside the film. Chitosan contributes to the growth serving as a nutrient medium. This suggests that an appropriate combination between the two polymers could lead to control the development of the microorganism and justifies the idea to combine chitosan with a water-soluble polymer. The results imply that the studied systems might find application as novel ecologically safe phytosanitary devices.
PVA ( [12] . Chitin, practical grade from crab shells was supplied by Sigma. All other chemicals were of analytical grade. The following buffer solutions were used: pH 1 (HCl/KCl); pH 4, 5 and 6 (CH 3 COOH/NaOH).
The culture suspension from Trichoderma viride cultivated at 28°C for 3 days in liquid nutrient medium, containing glucose (25 g/l) and corn extract (25 ml/l) was kindly supplied by the Department of Microbial Technologies, Agricultural University, Plovdiv. The culture supernatant obtained by centrifugation (30 min, 4200 rpm) of the suspension was used as a crude enzyme complex for the enzymatic degradation.
Enzyme assay
Enzyme activity was determined by the modified method of Miller [13] as the concentration of reducing sugar liberated during the hydrolysis of 1% colloidal chitin as a substrate. Colloidal chitin was prepared according to a known procedure [14] . Each standard assay mixture contained 1% substrate (0.5 ml), acetate buffer with pH 5 (1 ml) and distilled water to a final volume of 3 ml and then incubated at 37°C for 2 h. One unit enzyme activity (U) was defined as the amount of enzyme that could produce 1 µmol reducing sugar/min, using N-acetylglucosamine as a standard.
Microbiological tests of films with embedded Trichoderma viride
Solutions of the corresponding polymer carrier (chitosan, PVA or chitosan/PVA) and culture suspension were mixed in appropriate ratios to obtain 50 mg biomass/g polymer. Chitosan, PVA and blended chitosan/PVA films were prepared by casting followed by air-drying. Discs (14 mm diameter) were cut and inoculated on the surface of Rose-Bengal Chloramphenicol Agar (Oxoid) at 37°C.
Rheological measurements
The enzymatic degradation of chitosan was examined by measuring the relative decrease of the dynamic viscosity of chitosan solutions (1%) or chitosan/PVA solutions (chitosan : PVA = 1:1 w/w, total conc. 2%). The rheological measurements were performed using a Brookfield LVT viscometer equipped with a small-sample thermostating adapter, spindle and chamber SC4-18/13R varying the experimental conditions: pH from 1 to 6, and temperature from 15 to 60°C. The measurements were carried out for 90 min, and then the enzymatic reaction was stopped by boiling the mixtures for 10 min. The hydrolysates were collected by precipitation in 2 N NaOH and separated by centrifugation. All of the precipitates were washed with distilled water until the aqueous phase was neutral and dried at 40°C under reduced pressure to constant weight.
Enzymatic degradation of chitosan in the presence of PVA or PAA
The enzymatic degradation of chitosan in the presence of PVA was carried out for 30, 60, 90 and 240 min, at 37°C and pH 4. Solutions of chitosan (1%) and chitosan/ PVA (chitosan : PVA = 1:1 w/w, total conc. 2%) were prepared. An appropriate portion of the culture supernatant (0.5 ml) was added so as to obtain an enzymatic activity of 0.0006 U/ml in the final volume (10 ml). Then the solutions were incubated at 37°C and were continuously stirred with a magnetic stirrer. At determined time periods the hydrolysates were recovered by precipitation in 2 N NaOH and subsequent centrifugation (30 min, 4200 rpm). The precipitates were washed with distilled water until neutral and dried to constant weight.
The degradation of chitosan in the presence of PAA was carried out for 90 and 240 min at 37°C and different pH of the medium (pH 4, 5 and 6). Polyelectrolyte complexes chitosan/PAA were prepared according to a procedure described in the literature [10] . The complex formed a precipitate which was isolated by centrifugation (30 min, 4200 rpm), then washed with an aqueous solution of acetic acid to remove unreacted chitosan, and dispersed in a buffer with pH 4, 5 or 6. An appropriate portion of the culture supernatant (2 ml) was added so as to obtain an enzymatic activity of 0.0006 U/ml in the final volume (30 ml). The suspension was stirred with a magnetic stirrer for 90 min or 240 min, and then centrifuged to collect the polymer complex. Chitosan hydrolysates were recovered after dissociation of the polymer complex in 2 N NaOH for 24 h, isolated by centrifugation, washed with distilled water until neutral and dried to constant weight.
Viscosity-average molecular weight determination
The intrinsic viscosity [η] of chitosan hydrolysates was measured in 0.3 N CH 3 COOH/ 0.2 N CH 3 COONa (1:1 v/v) with an Ubbelohde viscometer at 25±0.1°C. Viscosityaverage molecular weights of the starting chitosan (540 000) and of chitosan hydrolysates were calculated using the equation: [η] = 1.38·10 -4 M v 0.85 [15] .
